ABSTRACT
INTRODUCTION
Color tissue Doppler imaging (cTDI) is an echocardiographic technique that measures tissue velocities, and is used to assess quantitatively myocardial motion 1, 2 . It is a promising technique for evaluating fetal cardiac function and its application has been attempted in pregnancy complications such as fetal growth restriction 3, 4 , fetal arrhythmia 5 and intra-amniotic infection 6 . However, its clinical use is quite complicated and hampered by the cumbersome and time-consuming analysis of generated myocardial velocity traces. To evaluate the clinical applicability of cTDI in larger groups of patients and facilitate its clinical implementation, a simpler and more automated procedure would be preferable. Our research group has demonstrated previously the feasibility of applying an automated algorithm in a small group of patients 7 . However, the ability of this method to measure myocardial velocities and mechanical cardiac time intervals has not been evaluated in a larger cohort.
cTDI is often used to assess longitudinal motion, which is executed mainly by subendocardial fibers, considered to be the cardiac muscle fibers most sensitive to milder degrees of hypoxia 8, 9 . Several studies have demonstrated increased fetal, maternal and neonatal complications, with increased risk of perinatal morbidity and mortality, beyond 41 weeks' gestation. The pathophysiological basis for the increased risk in these pregnancies is unclear, although placental senescence is often suggested 10, 11 . We hypothesized that, if advanced gestational age with a senescent placenta were associated with mild degrees of hypoxia/hypoxemia, subtle changes in cardiac function might be detectable using cTDI. Consequently, we considered these cases as an appropriate cohort for evaluation of automated analysis. This would also test the method at a gestational age when technical difficulties in fetal heart scanning are encountered more frequently.
The main objective of this study was to evaluate the feasibility of automated analysis of fetal myocardial velocity recordings obtained using cTDI in pregnancies ≥ 41 weeks of gestation. A secondary aim was to explore the association between cTDI parameters and adverse perinatal outcome.
METHODS
This was a prospective, cross-sectional, observational study conducted from October 2013 to October 2014 at the Center for Fetal Medicine, Karolinska University Hospital, Sweden. Women with uncomplicated, singleton pregnancy were included when they attended a routine appointment after reaching a gestational age of 41 + 0 weeks. Exclusion criteria were maternal complication, such as pre-eclampsia, chronic hypertension or diabetes, and fetal chromosomal or major structural abnormalities.
A routine ultrasound examination was performed between 41 + 0 and 41 + 5 weeks to estimate fetal weight and to assess amniotic fluid volume. Pregnancies conceived by in-vitro fertilization were dated according to the date of embryo transfer. All other pregnancies were dated either by crown-rump length in the first trimester or by biparietal diameter in the first or second trimester, according to local guidelines [12] [13] [14] . cTDI was then performed using a Vivid S6 ultrasound imaging system equipped with a M4S-RS (1.9-4.1 MHz) phased-array transducer (GE CV Ultrasound, Haifa, Israel). All examinations were performed by an experienced ultrasonographer (K.F.W.). An apical or basal four-chamber view of the fetal heart was obtained and cine-loops of at least 5-10 consecutive cardiac cycles were recorded using cTDI. The insonation angle was kept as close to zero as possible (< 30 • with respect to the long axis of the heart). The sector width was adjusted to obtain as high a frame rate as possible. Offline analysis was performed by a single operator (L.H.), using EchoPAC version 201 (GE Vingmed Ultrasound AS, Horten, Norway). A region of interest measuring 6 × 4 mm (height × width), thought to be optimal for this gestational age based on previous research 7 , was placed at the level of the atrioventricular (AV) plane, in the septal and the right (RV) and left ventricular (LV) walls of the fetal heart ( Figure 1 ). The smoothing filter in EchoPAC was set to three-sample moving average. The myocardial velocity traces produced were transferred to dedicated software (GHLab, Gripping Heart AB, Stockholm, Sweden), in which the phases of the cardiac cycle were identified visually and defined manually. The peak myocardial velocities and displacement were provided by the software. GHLab utilizes, among other things, acceleration shifts to define cardiac mechanical time events according to the dynamic adaptive piston pump (DAPP) principle, describing the heart as a mechanical pump controlled by its inflow [15] [16] [17] [18] . The strength of this method is that it identifies mechanical cardiac time intervals without the need for a concurrent electrocardiographic signal.
For the manual analysis, performed by a single investigator (L.H.), one representative cardiac cycle was chosen from each location, i.e. LV, RV and septal walls. The six phases of the cardiac cycle were identified: atrial contraction, pre-ejection, ventricular ejection, postejection, rapid filling/early diastole and slow filling/diastasis (Figure 2 ). According to the DAPP principle, the movement of the AV-piston (AV-plane) initiates the mechanical functioning of the heart and, therefore, atrial contraction is considered as the starting point of the cardiac cycle. As the beginning and end of the phases of the cardiac cycle are defined by shifts in myocardial mechanical work rather than by the opening or closing of valves, the terms pre-and postejection are used instead of isovolumic contraction and relaxation. The mechanical cardiac time intervals were recorded as absolute values, in ms. The duration of each phase was also calculated as a proportion of the total cardiac cycle and presented as a cardiac state diagram 19, 20 . The cTDI-based myocardial performance index (cMPI) was calculated as: (pre-ejection time + postejection time)/ejection time. The peak myocardial velocities during atrial contraction (Am), ventricular ejection (systole) (Sm) and rapid filling (early diastole) (Em) and AV-plane displacement were provided by the GHLab software. The ratio of Em/Am was calculated. The displacement during ventricular ejection describes the movement (in mm) of the AV-plane towards the apex during ventricular ejection. The displacement during atrial contraction consequently describes the movement (in mm) of the AV-plane towards the base during atrial contraction. All measurements were performed for the LV, RV and septal walls separately. All myocardial velocity traces were then assessed using an automated algorithm which had been developed by F.B. and J.J. in MATLAB (R2015a, MathWorks, MA, USA). The automated algorithm evaluates all available cardiac cycles, as opposed to the manual analysis that assesses only one cardiac cycle, chosen subjectively, at a time. The algorithm code is constructed as a rule-based system for identification of mechanical cardiac events and it also involves pattern recognition. This is a fully automated procedure: once the velocity traces have been transferred to MATLAB, no point in the trace needs to be marked for the analysis to proceed. The automated algorithm evaluates peak myocardial velocities and mechanical time intervals.
The results of the manual analysis of a representative cardiac cycle were compared with the results of the mean of all available cardiac cycles assessed by the automated algorithm. The automated analysis was judged technically feasible if the algorithm could identify the required time points that delineate the mechanical cardiac time intervals. No values or outliers were discarded, even when large differences were observed. The proportion of myocardial velocity traces for which the percentage difference between automated and manual measurements was ≤ 20% was noted. We reanalyzed the cTDI traces in MATLAB three times to verify that the same results were obtained repeatedly. Pulsed-wave Doppler flow velocity waveforms were obtained from the umbilical artery (UA) at a free loop of the umbilical cord and from the fetal middle cerebral artery (MCA) at the proximal portion of the vessel, and the pulsatility index (PI) of each was calculated. The cerebroplacental ratio was calculated as the ratio between MCA-PI and UA-PI. An arbitrary cut-off of ≤ 1.08 was used, according to Gramellini et al. 21 , to define brain sparing. Doppler indices are not part of routine clinical assessment unless a small-for-gestational-age baby is suspected; therefore, these were calculated offline and the obstetrician was blinded to the results. Amniotic fluid volume was assessed as the deepest vertical pool and oligohydramnios was defined as a depth < 2 cm. Labor was induced if the estimated fetal weight was 2 SD below that for gestational age or if oligo-or anhydramnios was present. Otherwise, induction of labor was booked routinely at 42 + 0 weeks, unless prominent maternal psychological reasons or anxiety necessitated earlier induction.
Adverse perinatal outcome was defined as the presence of at least one of the following: intrapartum fetal scalp blood lactate > 4.8 mmol/L, operative delivery for suspected fetal asphyxia, cord arterial pH < 7.15, Apgar score < 7 at 5 min or Apgar score for muscle tone < 2 at 5 min.
The study was approved by the Stockholm Regional Ethics Committee (DNr 2012/895-31/4). Informed written consent to participate was obtained from all women.
Statistical analysis
Data analysis was performed using IBM SPSS Statistics for Windows, version 22.0 (IBM Corp., Armonk, NY, USA). Continuous variables are presented as mean ± SD or median (interquartile range), as appropriate. Categorical variables are presented as absolute values and percentage (n (%)). For all cTDI parameters, the Shapiro-Wilk test was performed to assess the Gaussian distribution of the data and a non-normal distribution was defined when P < 0.05. Automated and manual measurements were compared using the Wilcoxon signed-rank test, and Spearman's correlation coefficients were calculated. Agreement between automated and manual analyses of peak myocardial velocities and atrial contraction, pre-ejection, ventricular ejection and postejection phases and cMPI was assessed using Bland-Altman plots 22 . We defined precision by the 95% limits of agreement (± 1.96 SD) and bias as the mean of individual differences between pairs of values obtained using the two methods. The Mann-Whitney U-test was used to compare the normal-outcome and adverse-outcome groups, as defined above. Significance levels were set to P < 0.05. To assess intra-and interobserver variability of the manual assessment, 10 scans chosen randomly, i.e. 30 myocardial velocity traces, 10 from each of the three locations, were reanalyzed manually by the same observer (L.H.) and by a second observer (J.J.). The pre-ejection, ventricular ejection and postejection phases were evaluated and coefficients of variation (CV) were calculated.
RESULTS
Clinical characteristics, ultrasound data and pregnancy outcomes of the study population (n = 107) are presented in Table 1 . A recording of the four-chamber view of the fetal heart was obtained in all women. The four-chamber view of the fetal heart was apical in 32 (30%) cases and basal in 75 (70%) of the analyzed cine-loop images. The mean frame rate during the cTDI recording was 206 ± 16 (range, 169-238) frames/s and the mean heart rate was 136 ± 10 (range, 108-164) bpm. All 321 myocardial velocity traces, 107 from each location, could be analyzed manually. The inter-and intraobserver variability for the manual analysis of pre-ejection, ventricular ejection and postejection phases showed CVs of 6.2% and 7.6%, respectively.
Automated analysis
All 321 velocity traces, 107 from each location, were analyzed with the automated algorithm. For each recording, we analyzed approximately nine cardiac cycles. Once an optimal image of the four-chamber view was obtained, it was possible to analyze each myocardial velocity trace at all three locations (LV, RV and septal walls). In the LV wall and the septum, it was possible to analyze all peak myocardial velocities. In the RV wall, it was possible to analyze all Sm values, but there were 10 
7.31 ± 0.07 5-min Apgar score < 7 1 ( 0 . 9 )
Data are given as mean ± SD, n (%) or n/N (%). *≥ 42 + 0 weeks. BMI, body mass index; CPR, cerebroplacental ratio; CS, Cesarean section; GA, gestational age; MCA, middle cerebral artery; PI, pulsatility index; UA, umbilical artery.
missing Em values due to fusion of the Em and Am waves. In the LV, RV and septal walls, results were obtained for all mechanical cardiac time intervals except for two LV postejection phases. Consequently, myocardial velocities and mechanical time intervals could be measured in 96% of all traces. The same results were obtained when the algorithm was run repeatedly. At all locations, Am was highest, followed by Em and Sm (Table 2) . Sm was highest in the RV wall followed by the septal and the LV walls. Em was highest in the RV wall followed by the LV and the septal walls. The Am was highest in the RV wall followed by the septal and the LV walls. The atrial contraction phase was longest in the septal wall followed by the RV and LV walls. The pre-ejection phase was longest in the RV wall followed by the LV and septal walls. The postejection phase was longest in the septum and showed similar values in the LV and RV walls.
Comparison between automated and manual analyses
There were significant correlations between all automatically and manually assessed myocardial velocity parameters, with the exception of septal Em/Am. Spearman's correlation coefficient was highest for LV Em/Am (r = 0.69) followed by LV Em (r = 0.67), LV Sm (r = 0.64) and RV Em/Am (r = 0.61), all with P < 0.001. Of the time intervals, only LV atrial contraction and postejection phases Data are given as median (interquartile range). Dashes indicate variables that were not analyzed by the automated algorithm at this stage. *No significant difference between automated and manual analyses (Wilcoxon signed-rank test, P ≥ 0.05). Am, peak myocardial velocity during atrial contraction; DispA, displacement during atrial contraction; DispV, displacement during ventricular ejection; Em, peak myocardial velocity during early diastole; LV, left ventricle; RV, right ventricle; Sm, peak myocardial velocity during ventricular ejection (systole).
and RV atrial contraction and pre-ejection phases showed weak correlations (r = 0.28-0.34, P < 0.05) between the two methods. Large differences between automated and manual measurements were seen in the atrial contraction, pre-ejection and ejection phases in the RV and septal walls, whereas measurements were similar in the postejection phases and in the LV ejection phase (Table 2) . Bland-Altman plots comparing automated and manual analyses of the peak myocardial velocities and atrial contraction, pre-ejection, ventricular ejection and postejection phases of the cardiac cycle as well as cMPI are displayed in Figures 3 and 4 .
With respect to bias, when analyzing together the LV, RV and septal wall velocities, the least bias occurred in Em (0.05 cm/s), followed by Sm (0.1 cm/s) and Am (-0.3 cm/s), and the best precision was found in Sm (mean, 2.1 cm/s), followed by Em (2.6 cm/s) and Am (2.9 cm/s). For the time intervals, the least bias occurred in the postejection phase (0.9 ms) and the best precision in the atrial contraction phase (38.2 ms). When analyzing the LV, RV and septal walls separately, the bias for the velocities was generally low (-0.04 to 0.6 cm/s, Table 3 ).
The precision was best for the velocities in the septal and LV walls followed by the RV wall. The least bias, with the exception of the postejection time, was found in the LV wall (-10.1 to 24.1 ms). The best precision, for all time intervals except the atrial contraction phase, was found in the LV wall (35.8-39.7 ms). The proportion of velocity measurements that differed by ≤ 20% between methods was highest in the septum, being 39.3% for Em, 46.7% for Am and 54.2% for Sm. For the cardiac time intervals, results varied, with the highest proportions being in the ejection phase (63.6-84.1%) and the lowest in the pre-ejection phase in the septum (1.9%) and RV wall (9.3%) ( Table 3) . Determination of the mechanical cardiac time intervals, presented as a proportion of the total cardiac cycle, was most similar for automated and manual analyses at the LV wall. These are demonstrated side-by-side as cardiac state diagrams in Figure 5 .
cTDI parameters and perinatal outcome
Twenty-five (23%) babies had an adverse perinatal outcome. With the automated assessment, there were significant differences between those with normal outcome and those with adverse perinatal outcome in terms of the automatically assessed RV postejection time (P = 0.004), RV cMPI (P = 0.028) and septal pre-ejection time (P = 0.025).
DISCUSSION
This study shows that assessment of fetal cardiac function using automated analysis to evaluate myocardial velocity recordings obtained by cTDI is technically feasible in pregnancies ≥ 41 weeks of gestation once a four-chamber view of the fetal heart has been obtained. It was possible to analyze all myocardial velocity traces with the automated algorithm, and all myocardial velocities and mechanical cardiac time intervals could be measured in 96% of traces. This is a significant improvement compared with our previous study 7 , due to further refinement of our automated algorithm. There were significant correlations between myocardial velocities measured by automated and manual methods but correlations were weak or not significant for the mechanical cardiac time intervals.
TDI techniques use mechanical events, rather than electrical or hemodynamic events, to define different phases of the cardiac cycle. We found a longer duration of the postejection phase compared with the isovolumic relaxation time measured using cTDI in previous reports 23, 24 . However, it is important to emphasize that the method we applied to identify cardiac phases uses shifts in mechanical work, rather than velocity crossing the zero line as with other TDI methods, which probably explains, to a major extent, these differences. One could argue that our method might be more stable as it will not normally be influenced by the drift of myocardial velocity traces due to superimposed motion that complicates definition of time points according to the crossing of the zero line.
The agreement between automated and manual analysis methods was not consistent, some cTDI parameters having considerable bias and poor precision. For example, the manually assessed pre-ejection phase in the RV wall was longer than has been reported previously 23 , and the bias was considerable, resulting in very few of the intervals measured automatically being within ≤ 20% of those measured manually. The definition of the pre-ejection phase with the manual method was also difficult sometimes, especially in the RV wall, and it is likely that a certain degree of subjectivity in the manual analysis will have influenced our measurements. This problem of subjectivity in the manual selection of time points has also been discussed with respect to assessment of the MPI 25 . The subjectivity in measurement could be eliminated with an automated procedure.
It is important to bear in mind that the comparisons presented were between a single, subjectively chosen and manually assessed, cardiac cycle and the mean of several, automatically assessed, cardiac cycles. This might explain certain differences, but it is still highly likely that the automated analysis produces more consistent results than does the manual analysis. Moreover, the automated procedure can average a substantial number of cardiac cycles instantaneously, which reduces the variability of measurements. Comparison between automated and manual analysis methods is difficult due to the lack of a gold standard. In fact, it could be argued that the automated method itself could constitute a gold standard in future. It would also be a substantial improvement and refinement of the automated technique if instantaneous online analysis could be performed, with an onscreen display of measurements similar to the procedure for blood flow velocity measurements, allowing the operator to reassess and acquire a new recording when the first is not satisfactory. Further studies on validation in normal and pathological fetal conditions are required to clarify the potential clinical value of this method. Moreover, an automated method would make it feasible, both technically and logistically, to study large clinical cohorts, a prerequisite when evaluating the diagnostic and prognostic value of cTDI. To our knowledge, there have been no previously published reports of this size investigating myocardial tissue velocities in pregnancies ≥ 41 weeks. It was not unexpected that the peak myocardial velocities measured by cTDI in our study population were lower compared with the velocities measured by spectral TDI at term 9, 26, 27 , as cTDI measures mean velocities rather than maximum velocities 28 . There were differences in the automatically assessed RV postejection time, RV cMPI and septal pre-ejection time between those with normal outcome and those with adverse perinatal outcome. The possible significance of this would need to be investigated further in larger studies.
There are several potential limitations of this study. Good image quality and high frame rate is a prerequisite for obtaining reliable velocity measurements using cTDI, which may be difficult to achieve. However, all our recordings were performed by an experienced ultrasonographer and the frame rate was > 165/s in all recordings. Slight shadowing, due to fetal position and advanced gestational age, especially of the LV wall, might, however, have influenced measurements, even though care was taken to avoid this. Another limitation is the small sample size, which prevents us from drawing clear conclusions regarding adverse perinatal outcome.
In spite of these potential limitations, use of a fully automated algorithm that can analyze consistently and rapidly fetal myocardial velocity traces could facilitate the evaluation of cTDI as a tool in assessing fetal cardiac function. A simple method that produces stable results repeatedly is a prerequisite before the potential of cTDI to discriminate normal from pathological fetal conditions can be evaluated. Larger studies including validation in animal models and comparison with other more standard methodologies for assessing fetal cardiac function are needed.
In conclusion, automated analysis of myocardial velocity recordings obtained by cTDI was feasible, suggesting that this technique could simplify and facilitate the use of cTDI in the evaluation of fetal cardiac function, both in research and in clinical practice.
